tion show that, to first approximation, each leucine governs gating in an independent and symmetrical manner † Division of Physics, Mathematics, and Astronomy ‡ Division of Chemistry and Chemical Engineering (Filatov and White, 1995; Labarca et al., 1995) . However, detailed analysis of the earlier mutagenesis data sugCalifornia Institute of Technology Pasadena, California 91125 gests that individual mutations are not identical, as though some subunit pairs have a special relationship. We reasoned that this interesting position, and these possible interactions, could profitably be studied with Summary the in vivo nonsense codon suppression technique of unnatural amino acid mutagenesis, which allows the A nonsense suppression method was employed to inintroduction of a practically unlimited range of side chain corporate a total of four natural and six unnatural resistructures. We report here that many side chains, includdues at the 9 position of the M2 region in the ␤, ␥, ing those derived from both natural and unnatural amino and ␦ subunits of muscle nicotinic receptors. In 33 acids, produce functional receptors when expressed at pairwise comparisons of functional properties as influthe 9Ј position. Expression is sufficiently high to enable enced by structural features including side chain single-channel studies with the nonsense suppression length, branching, and substitution of oxygen for technique; previously, single-channel measurements on methylene carbons, it is concluded that increased pogating with unnatural residues were possible only with larity in the side chains at the 9 position consistently completely synthetic channels such as gramicidin (Oiki increases the sensitivity to acetylcholine. In addition, et al., 1995). In a particularly complete series of results, the stereochemistry of the side chain can have marked EC 50 is increased by several different substitutions that influences on the EC 50, primarily because of changes increase hydrophobicity, emphasizing the importance in the single-channel open time. For the case of isoleuof polar interactions at the 9Ј position. Furthermore, cine versus allo-isoleucine in the ␦ subunit, these even subtle changes such as the stereochemistry of the changes are themselves modified by mutations at the side chain can produce marked changes in gating as 9 position in other subunits. The data suggest an esevaluated by either steady-state or kinetic measurepecially strong interaction between the ␤ and ␦ subments; and these changes are themselves influenced units in the pore region, leading in turn to a suggested by other subunits in a way that suggests direct physical arrangement of subunits within the pentamer.
Introduction Results
Modern electrophysiological techniques bring detailed Figure 2 presents structures and EC 50 values (ACh) for resolution to the study of ion channel gating. An importhe four natural and six unnatural side chains that we tant goal is to relate these functional measurements to have incorporated at the 9Ј position in the M2 domain the structure of the side chains thought to move during of the mouse muscle nAChR ␤, ␥, and ␦ subunits. For channel opening and closing. It is particularly approall the side chains tested, receptors displayed robust priate to study the role of a highly conserved leucine in responses (whole oocyte currents >500 nA for high the M2 domain of nearly all known subunits of nicotinic [ACh] ). There were no major differences between the acetylcholine receptors (nAChRs). In one numbering two groups, natural versus unnatural, with regard to system, the leucine residues align at the 9Ј position in response amplitude, range of EC 50 values (1.2-77 M the M2 region (Figure 1 ; see also Charnet et al., 1990) . versus 5.3-79 M), mean EC 50 (30.5 M versus 31.8 M), There is evidence that these residues, as well as nearby range of Hill coefficients (1.66 to 1.81 versus 1.66 to residues at 6Ј and 10Ј, contribute to the conducting 1.88), or mean Hill coefficient (1.73 for both groups). pathway (Giraudat et al., 1986; Leonard et al., 1988;  These EC50 values encompass a favorable range for Charnet et al., 1990; Akabas et al., 1992) . In one interprequantitative measurements; there is little interference tation of structural data at 9 Å resolution, the five 9Ј side from channel block that occurs at high [ACh] in studies chains (one each from the two ␣, the ␤, the ␥, and the ␦ of AChR mutants with EC 50 values > 200 M, or from subunits) form an axial constriction that prevents current spontaneous openings that occur at AChR mutants with flow through the closed channel. Channel opening is EC 50 values < 1 M (Labarca et al., 1995) . Furthermore, accompanied by movement of these 9Ј leucine residues, the Hill coefficients approaching 2 show that for these removing the physical block to conduction (Unwin, receptors, as for wild-type AChRs, the open state of the 1995). Other structural models also posit a crucial role channel is much more likely to be associated with the in gating for the 9Ј residues (Karlin and Akabas, 1995) .
presence of two bound agonist molecules than with a Despite the high conservation of the 9Ј leucine, many single bound agonist molecule. We show in a later secother residues produce functional receptors at this position (Revah et al., 1991; Bertrand et al., 1992) , allowing tion that several receptors in this series also have nearly are 33 pairwise comparisons. As tabulated in Figure 3B , the overall data set produces a consistent picture that increasing hydrophobicity raises EC 50 . The data are quantified by the statement that the grand averages, in the final column of the table, all exceed unity. For each class of structural change, the data are consistent in the sense that all but one of six or nine individual component ratios also exceed unity. The -O-to -CH 2 -change (row 4) produces the largest effect, on average a factor of almost 6 in EC 50 (a nearly equal value, 5.7, is obtained The putative N-terminus of the M2 region is assigned the position 4 produce changes almost comparable (6-fold versus 1Ј (Charnet et al., 1990) . This study emphasizes the highly conserved 10-fold) to the much more disruptive 9Ј leucine to serine leucine residue at 9Ј.
mutation, suggesting that polarity is the major determinant. normal single-channel conductances and open times.
Addition of a CH 2 (rows 1, 2, and 3 in Figure 3A ) proThus, AChRs with these unnatural amino acids at the duces a smaller effect, but clearly in the direction that M2 9Ј position display several nearly normal functional increased hydrophobicity leads to a higher EC 50 . Within characteristics.
the three series that represent this class of structural change, the effect of ␥ branching is smallest (row 3); Side Chain Polarity at 9 Partially Controls the grand average is 1.3, and no individual ratio exceeds Agonist Sensitivity 2. The effect of increasing chain length is largest; the Figure 3A presents a classification of incremental grand average is 1.8, and several individual ratios exchanges in side chain properties. The data provide a ceed 2. To compare the subunits with respect to the number of ways to test for consistency with the notion effect of a CH2 addition, we have calculated the vertical that hydrophobicity of the 9Ј residues influences gating.
averages of the EC50 ratios in rows 1-3. These averages We can increase hydrophobicity by adding a single CH2 range between 1.4 and 1.7, showing that the ␤, ␥, and group, either by increasing chain length (row 1), by ␦ subunits respond roughly equally to the structural ␤-branch addition (row 2), or by ␥-branch addition (row changes that increase hydrophobicity. 3). Alternatively, we can increase hydrophobicity without significantly affecting the sterics of the side chain, by converting a polar oxygen to a nonpolar CH 2 group (row Side Chain Stereochemistry Also Affects EC 50 and Channel Duration 4). In all, these series involve 11 pairwise comparisons among the 10 residues studied; because each residue
We have tested further to discern other effects of side chain structure. A clear pattern emerges when side chain was tested at position 9Ј in the ␤, ␥, and ␦ subunits, there Figure 2 . The italicized ratios within dashed boxes are the average for the two or three nearby ratios, corresponding to a given subunit and class of structural change. The ratios in bold italics in the rightmost column are the row averages across subunits for each class of structural change; the ratios in bold italics in the fourth row are column averages for each subunit. (C) Tabulation of the trends in EC 50 , grouped by stereochemistry of the stereocenter in the isoleucine side chain. stereochemistry is analyzed. Figure 3C tabulates EC 50 The row averages are formed from nine different ratios (though the ratios are not independent) and show clearly ratios for increases in hydrophobicity, classified further by stereochemistry at the stereocenter of the ␤ carbon.
that increasing hydrophobicity has a nearly 2-fold greater average effect on EC 50 for the allo configuration comparative data for incorporation of isoleucine or alloisoleucine at the 8Ј position, another highly conserved versus the normal configuration.
The clearest effects of stereochemistry are obtained leucine residue. The EC 50 values for isoleucine and alloisoleucine were 89 and 70 M at the ␤ subunit, 60 and when one compares isoleucine and allo-isoleucine at the ␦9Ј position; a 5-fold difference in EC 50 values is seen.
63 M at the ␥ subunit, and 83 and 71 M at the ␦ subunit (data not shown). Thus, the 5-fold difference Figure 4 presents examples of two-electrode voltageclamp current measurements, and the complete dosebetween normal and allo isomer EC50 values did not extend to the 8Ј position. response relations, for these two receptors. These two side chains differ only in the stereochemical disposition
We next studied the single-channel properties of the ␦9Ј allo-isoleucine, leucine, and isoleucine receptors of the ␤ carbon; they have essentially identical values for polarity, hydrophobicity, and volume. Thus, a minimal ( Figure 5 ) and found that single-channel open times follow the pattern expected from the EC 50 values; on the change in side chain structure produces a marked change in gating properties. The EC 50 for allo-isoleucine other hand, single-channel currents differed by <15% (data not shown). The longer exponential components of exceeds that for isoleucine only in the ␦ subunit, revealing nonequivalence among subunits at this position in average open times, accounting for >85% of the current, were 0.8-1.1 ms for the least sensitive allo-isoleucine the pore.
The unique role of the ␦9Ј position is highlighted by residue, 1.5-2.0 ms for the wild-type leucine, and 5.5-6.4 For the allo-isoleucine patch, there were 1504 events; 0.343 ms, 32%; 1.1 ms, 68%. For the WT leucine, there were 1905 events; 0.08 ms, 25%; 1.5 ms, 48%; 3.1 ms, 27%; the weighted average of the longer components is 2.0 ms. For the patch with isoleucine, there were 1148 events; 0.62 ms, 24%; 6.4 ms, 76%. The four openings longer than 90 ms were not observed with each of five other patches from oocytes expressing the isoleucine mutant and have therefore not been fit with an additional component.
ms for the most sensitive isoleucine residue (three within the pore. We therefore sought to modify the effects of stereochemistry by mutations at the 9Ј position patches for each receptor). Thus, the trend in EC50 values occurs at least partially because a longer open duration in other subunits. Previous experiments revealed dramatic effects on renders the channel more sensitive to ACh.
gating and channel duration when the 9Ј leucine was mutated to serine in any of the subunits (Revah et al., 1991; Filatov and White, 1995; Labarca et al., 1995) . EC 50 decreases by at least 10-fold, and channel duration The effects of stereochemistry on gating at the ␦9Ј position provide a new tool for studying subunit interactions increases as well. Data presented in Figure 6A show that the functional difference between the ␦9Ј isoleucine and allo-isoleucine receptors is modified in characteristic ways by 9Ј leucine to serine mutations at other subunits. Thus, when the 9Ј leucine to serine mutation is introduced in the ␤ subunit, both the 5-fold EC 50 difference between ␦9Ј isoleucine and allo-isoleucine and the 5-to 8-fold difference in channel open duration are abolished ( Figure 6B ). On the other hand, the ‫-5ف‬fold difference between EC 50 for isoleucine and allo-isoleucine is preserved when the leucine 9Ј serine mutation is introduced in the ␥ subunit. Intermediate changes in EC50 are observed when the 9Ј leucine to serine mutation is introduced in the two ␣ subunits. These effects do not correlate with the absolute value of the EC50. Among the three receptors studied in Figure 6B , single-channel currents differed by <10% (data not shown). The large fraction of brief (<1 ms) openings probably represents openings of unliganded or monoliganded channels, which are known to increase for some mutations that introduce hydrophilic residues at the 9Ј position (Sigurdson et al., 1994, Biophys. J., abstract; Labarca et al., 1995) and elsewhere in the M2 region (Ohno et al., 1995) .
Stereochemistry Effects Are Modified by 9 Side Chains in Other Subunits

Discussion
Our experiments represent a next stage in the analysis of the structural features that contribute to ion channel gating. In the present study, it is possible to examine the functional consequences of several subtle changes in side chain structure. Overall, the results validate the importance of the hydrophobic nature of the side chain at the 9Ј position of the M2 region of the nicotinic receptor. Increasing hydrophobicity, either by adding a CH 2 or by changing an oxygen to a CH 2 , increases EC 50 . Furthermore, the effects of side chain polarity are modified by side chain stereochemistry. In the analysis of Figure 3C , structural changes that decrease polarity have a roughly 2-fold greater average effect on EC50 when they result in an allo isomer than when they produce a normal isomer.
Although the 9Ј leucine residue is generally well conserved in nicotinic ACh and serotonin 5-HT3 receptors, there is at least one example of another residue: the neuronal ␣5 subunit contains valine at the 9Ј position (Boulter et al., 1990; Couturier et al., 1990) . In our series of measurements, a single subunit containing a 9Ј valine in a heteromultimeric receptor would show an EC 50 that is, on average, 1.9 times less than the value for a leucine. There is a 5-fold difference in EC50, and a parallel change The present data suggest that the ␦ subunit is adjacent to the ␤ subunit but not to the ␥ subunit. Only one of the two ␣ subunits is adjacent to ␦, because it is universally accepted that ␦ is not the unique subunit between the two ␣ subunits. Apparently the ␣-␦ interaction is weaker than the ␤-␦ interaction.
EC50 values for incorporation at the ␦9Ј position differ in
Nature of the ␤-␦ Side Chain Interactions Increasing side chain polarity at the 9Ј position increases the same direction, but less extensively, for O-methylthreonine versus allo-O-methylthreonine, which correthe open time of the receptor and decreases EC 50 . In one proposed model, the 9Ј side chains move into a spond stereochemically to isoleucine and allo-isoleucine, respectively. We argue that a subtle structural more polar, presumably aqueous, environment in the open state (Akabas et al., 1992; Filatov and White, 1995) . distinction such as discrimination between normal and allo stereoisomers is possible only in a somewhat strucWe propose specifically that the ␤9Ј and ␦9Ј side chains contact each other in an aqueous environment in the tured environment.
Our data reveal that the ␤ and, to a lesser extent, ␣ open state. The greater the overlap between residues, the lower the overall hydrophobic surface area: a stabisubunit define this special environment. The isoleucine/ allo-isoleucine difference is essentially abolished by a lizing effect in an aqueous environment. This should result directly in an increased open time and a lower 9Ј leucine to serine mutation in the ␤ subunit; the ␥9Ј leucine to serine mutation does not significantly alter EC50. In the present work, it is hypothesized that the ␤9Ј leucine makes more extensive contacts with a ␦9Ј the ␦9Ј isoleucine/allo-isoleucine effect; the 9Ј leucine to serine mutation of both ␣ subunits has an intermediate isoleucine ( ϭ 6.4 ms, EC 50 ϭ 15 M) than with an alloisoleucine ( ϭ 1.1 ms, EC 50 ϭ 79 M). Contact with a effect. It seems reasonable to propose that the special pair interaction between ␤ and ␦ arises from adjacency ␦9Ј leucine ( ϭ 2.0 ms, EC 50 ϭ 50 M) would be of an intermediate extent. The ␤9Ј leucine to serine mutation of the subunits in the receptor structure. That is, the ␦ subunit is adjacent to the ␤ subunit but not to the ␥ removes these specific interactions, producing a receptor for which leucine, isoleucine, and allo-isoleucine are subunit. The subunit map of Figure 7 describes a disposition that is consistent with our results, leading to the essentially indistinguishable at ␦9Ј. Our conclusion that the ␤9Ј and ␦9Ј residues interact strongly with each conclusion that the ␥ subunit lies between the two ␣ subunits. This provides evidence from the pore region other in the open state is difficult to reconcile with the proposed gating model in which the 9Ј side chains make that bears on the question of subunit arrangement. The results complement previous data, from ligand binding their closest approach in the closed state (Unwin, 1995) . experiments, that also suggest an ␣-␥-␣ arrangement (Karlin et al., 1983; Machold et al., 1995a) and that show important subunit interfaces at the ␣␦ and ␣␥ surfaces Molecular Determinants of the Dose-Response Relation (Blount and Merlie, 1989; Sine and Claudio, 1991; Czajkowski et al., 1993) . The present data do not agree with It is at first counterintuitive that EC 50 , which at least partially reflects agonist-receptor binding, is markedly the ideas on subunit disposition from the Unwin laboratory (Unwin et al., 1988) . In addition, we propose that influenced by mutations in the pore region, thought to lie several nanometers from the binding site (Herz et al., the ␤-␦ interaction is especially strong relative to other adjacent pairs.
1989; Unwin, 1993; Machold et al., 1995b) . This effect Prior to microinjection, the ligated NVOC-aminoacyl-tRNA was renatured by heating to 65ЊC for 3 min in 1 mM NaOAc (pH 4.5). The
Nonetheless, we present here an argument that the elicit a half-maximum response, and nH is the Hill coefficient. SEM In summary, the present data highlight both the signifiof EC50 measurements was less than 5%. cant contributions of all five 9Ј residues to the control For single-channel measurements from cell-attached patches, of gating (Filatov and White, 1995; Labarca et al., 1995) , bath and pipette solutions contained 10 mM HEPES-NaOH (pH 7.4), emphasizing the major role played by side chain polarity 150 mM KCl, 2 mM MgCl 2 , and 10 mM EGTA. The concentration of (Filatov and White, 1996, Biophys. J., abstract) , and the ACh in the pipettes was between 0.4 and 4 M. The patch was hyperpolarized by 80 mV. Data were recorded with a Geneclamp important departures from symmetry that allow further 500 amplifier (Axon Instruments) and analyzed with pCLAMP 6.0 insights into the details of subunit and side chain interacprograms (Axon) using a 5 kHz digital filter.
tions. We look forward to still higher resolution chemical and biophysical studies that will shed further light on this fascinating mechanism.
